Certain wear metals (Fe, Cr, Ni, Cu and Zn) of various lubrication oils were determined by means of ICP-OES and FAAS. The kerosene dilution method, which is used widely together with ICP-OES, was applied with both methods here. Calibration standards were made from a commercial organo-metallic standard. Our aim was to clarify the possibility of using the quick kerosene dilution method together with FAAS for a rapid check for certain indicator metals. Metal determinations with FAAS were accurate enough for quantitative work in machine condition diagnostics and waste oil characterization, when compared with those with ICP-OES.
Introduction
Wear metal analysis of oils has been widely used in machine condition diagnostics since the 1950's by employing various different methods. Flame atomic absorption spectroscopy (FAAS) and inductively coupled plasma-optical emission spectroscopy (ICP-OES) are applicable for that purpose. FAAS is cheap to purchase and use, and its routine operation is relatively easy. The method's drawbacks are high sample consumption, narrow linear determination range and difficulties in determining refractory elements. [1] [2] [3] [4] [5] [6] [7] [8] [9] However, these are seldom of interest to maintenance personnel (except phosphorus, which is an important additive element in lubrication oils).
ICP-OES [10] [11] [12] [13] offers the possibility to simultaneously measure almost all metals and some non-metals. Hence, its productivity in the analysis of a large amount of samples is superior to FAAS. However, ICP-OES is expensive to purchase and use, and FAAS is often preferable if only a few samples and metals have to be analyzed. On the other hand, ICP-OES is nearly free of chemical interference. But spectral interference and matrix effects can affect the result if not corrected for properly. The detection limits of both ICP-OES and FAAS are sufficient from the viewpoint of maintenance engineers. Nebulization affects the analytical performance of both methods. Although the best method to introduce sample solution into flame or plasma is to use digested samples and water solutions, a very common and rapid pretreatment method is to dilute oils with organic solvents. A great variety of different solvents are proposed in the literature. MIBK, DIBK, alcohols, xylene and naphtholite, among others, have been used with FAAS. 1, 2, 5, 9 Xylene and kerosene are often used with ICP-OES. 14, 15 When organic solvents are used, calibration standards must be made from organo-metallic substances. Suitable organo-metallic standards are commercially available.
The aim of this study was to compare FAAS and ICP-OES techniques in the determination of some wear metals in various industrial oils, when the samples and standards are diluted with kerosene. From the maintenance point of view, it is important to determine the wear metal concentrations reliably in trend analyses and to identify the increased concentrations when compared with normal levels of wearing. If the increase is fast, the wearing phenomenon has changed from the normal lifecycle wear to abnormal wearing caused by machine failures. Alert and reportable levels depend on the studied metal and machine, but they are often tens or even hundreds of mg/kg. 16, 17 So, very low detection limits of methods are not required when one is concerned about wear metal analyses of oils. We were especially interested in finding out if FAAS together with kerosene dilution could be a reasonable method for quantitative check-up measurements of indicator metals in machine condition diagnostics as well as in waste oil combustion. 15, 17 As such, this study is a continuation of our earlier studies regarding oils and their properties. 15, [17] [18] [19] 
Experimental

Oil samples
We deliberately chose very dissimilar oils for the wear metal determinations. However, they were all mineral oil-based. The purposes of use and physical properties of these oils varied significantly from each other. The sample types varied from low viscosity cold rolling oils to quite high viscosity gear oils. Changes in oil viscosity affect the sample introduction rate in solution nebulization and may cause errors. However, when the samples are diluted enough, errors caused by different viscosities can be decreased. If we try to even out the differences in viscosity of the samples exactly, the purpose of the kerosene dilution method as a rapid sample pretreatment method is no longer reached. The metal contents of the oils also varied significantly. The samples were collected from Finnish steel industry (cold rolling oils and gear oils of a certain crane) as well as from talc production and cable manufacturing machines. The cold rolling oil samples were taken directly from the oil circulation/filtration system (total oil volumes in the systems were several hundreds of cubic meters) using a suitable sampling vessel. The gear oils of the crane were collected straight from the oil tank using a suction pump. The total oil volume in those gearboxes was about 220 liters. The oils of talc and copper cable production machines were sampled using different methods (from the oil tank with a suitable vessel, via an emptying valve of the oil tank or using suction from the oil tank). The total oil volume in those machines was a few hundred liters at maximum. All the samples were taken preferably either when the machines were running or immediately after stoppage.
Reagents
All the reagents were of pro analysis (p.a.) grade. Calibration standards were made from a Conostan S 21 (500 mg/kg or 900 mg/kg, Conoco Specialty Products, Inc., Ponka City, Oklahoma, USA) organo-metallic standard. In order to obtain matrixmatched standards, Conostan 20 Base Oil (Conoco Specialty Products, Inc., Ponka City, Oklahoma, USA) was added to all standards and to a blank solution. All the standards were diluted 1/10 (w/v) with kerosene (Fluka, Purum, Packed in Switzerland) and the samples were diluted either 1/10 (w/v) or 1/20 (w/v) with kerosene. Argon gas (99.996%) and acetylene gas (99.6%) were delivered by Messer.
Instrumentation
Metal analyses of the oil/kerosene solutions were carried out with a Perkin Elmer AAnalyst 100 FAAS equipped with D2 background correction. Specifications of the FAAS instrument were: a corrosion-resistant universal GemTip TM nebulizer (plastic), a standard flow spoiler (plastic), a single slot 10 cm air-acetylene burner head and a burner mixing chamber. Background correction was used for iron, nickel and zinc. Comparison tests were done with a radially-viewed sequential Philips Pye Unicam 7000 ICP-OES equipped with an autosampler (Gilson), a Hildebrand grid nebulizer (Leeman Labs, Inc.), a Scott-type double-pass spray chamber (Leeman Labs, Inc.) and a Fassel-type torch (CP international) and sample tubes suitable for introduction of organic solutions. Possible spectral interference was checked beforehand by scanning the environments of the used spectral lines from the standards and samples. In order to avoid possible errors caused by signal crawling due to formation of carbon deposits on the tip of the torch, we corrected the intercepts and slopes of the calibration lines after every five samples. The operating conditions of the ICP-OES and FAAS instruments are shown in Table 1 . The operating conditions of ICP-OES were optimized for oil sample measurements in our earlier study. 15 The used spectral lines of both methods and the slit widths of FAAS are given in Table 2 .
Results and Discussion
Background ICP-OES and FAAS techniques employed with kerosene dilution were used to determine the concentrations of iron, nickel, chromium, zinc and copper in the oil samples. All of these metals are typical wear metals from different machine parts. However, determination of iron (from steel) and copper (from bronze or brass) only is enough to detect wearing of various machine parts, for example, in gear failure diagnostics. 17 Other metals could also have been measured, but there were only a few samples in which those metals could be detected. So, a reliable comparison between FAAS and ICP-OES could not be made, and that is why they were ignored. It is also worth noting that the ignored metals are not very significant from the viewpoint of machine diagnostics.
Determination of phosphorus would also have been interesting, because phosphorus is often used as an oil additive. However, phosphorus is a refractory element and its sensitivity is very poor in FAAS analysis, even with a N2O/acetylene-flame (characteristic concentration in water is 290 mg/l). 20 Hence, its determination by FAAS would have been very difficult and it was not studied here.
King et al. 14 carried out a comparison study similar to ours using xylene as a solvent. Kerosene is often used as a solvent with ICP-OES, but as far as we know, it has not been widely used with FAAS. One reason could be the fear of a possibly unstable or even dangerously intense flame. However, Burrows et al. 1 tested kerosene as a dilution solvent with lubricating oils with FAAS analysis already in 1965. They observed that kerosene did not disturb the air-acetylene flame, but the sensitivity of the determination was not as good as with 2-methyl-4-pentanone. Hence, they used 2-methyl-4-pentanone instead of kerosene. However, kerosene is relatively cheap and user-friendly (no bad odor, low toxicity, etc.) and the kerosene dilution method is very rapid, and therefore very suitable for quick checking for indicator metals. Although ICP-OES is becoming more common in well-equipped laboratories, FAAS is still the only method of determining metals in many laboratories. So, it is interesting to find out if FAAS could produce results statistically similar to those of ICP-OES.
Suitability of the used ICP-OES method for wear metal analysis of oils
The ICP-OES technique applied here is routinely used in oil analysis, and similar results should be obtained in different laboratories using this technique. To clarify the functioning of the method, we sent another set of oil samples, taken at the same time as our samples, to another laboratory for ICP-OES analysis. The method used there was based on a French standard NF T60-106 21 for additive, wear metal and contaminant analysis of oils. Although sampling can affect the results, its significance was thought to be minor. A paired t-test was used for comparing the results of different ICP-OES analyses. However, since the iron concentrations of different samples varied significantly, the basic assumption of the t-test, that errors do not depend on concentration, may be violated. For this reason the t-test was divided into two categories with results of iron determinations: small concentrations and large concentrations. The results of the paired t-test are given in Table 3 .
The results obtained with our ICP-OES apparatus were statistically the same as the ones determined at the other laboratory. Hence, it was thought that the accuracy of our method was sufficient for the purposes of this research. Naturally, a larger amount of comparison samples would give a better picture of the properties of this method, but unfortunately that was not possible during this study.
Comparison tests of wear metal determinations of oils with ICP-OES and FAAS
The results of ICP-OES were compared with FAAS by means of regression analysis at a confidence level of 95%. Regression analysis can very effectively reveal systematic constant errors and systematic errors depending on the concentration of the samples. Based on the theory of regression analysis, the following statements can be made. If the intercept of the regression line statistically covers zero, there are no systematic errors in the new method to be compared with previously known method. 22 On the other hand, if the slope of the regression line statistically covers one, there are no systematic errors depending on concentration of the samples in the studied method when compared with the formerly known method. 22 Here, FAAS with kerosene dilution was compared with the commonly used ICP-OES with kerosene dilution. Because the repeatability of the ICP-OES instrument was evaluated to be better than that of the FAAS instrument, the results of ICP-OES in the figures were placed on the x-axis. The concentrations of the samples varied from a couple of mg/kg to hundreds of mg/kg. The regression graphs are presented in Figs. 1 -5 . The intercepts and slopes of the regression lines as well as the 1367 ANALYTICAL SCIENCES NOVEMBER 2005, VOL. 21 adjusted correlation coefficients R 2 are given in Table 4 . It is apparent from Figs. 1 -5 and Table 4 that the metal concentrations determined by FAAS are relatively near to the results obtained by ICP-OES. However, certain metals can have a specific behavior. Some metals are more easily determined by FAAS than others. In discussing the regression analyses of the results obtained in this study, the following observations can be made: (1) Determinations of nickel, copper and zinc by FAAS have no systematic constant error, but they have a small systematic error depending on concentration when compared with the results of ICP-OES; (2) Determinations of iron and chromium by FAAS have no errors revealed by regression analysis when compared with the results of ICP-OES.
Nonetheless, the errors in FAAS analysis when compared with ICP-OES analysis revealed by regression analysis were relatively small. Nickel seems to have the largest error. It should also be noted that the measurement with ICP-OES is not flawless, either. Nonetheless, the accuracy of FAAS together with the kerosene dilution method can be sufficient enough, at least when only the magnitude of a certain metal (below or above a certain limit) is checked, i.e. in so-called semiquantitative analysis.
The observed error depending on concentration in FAAS analyses could possibly be diminished by using even more dilute solutions in those measurements of high concentrations of metals, because the linear determination ranges of the FAAS method are narrow. Hence, additional dilutions had to be made from time to time with FAAS in this study. When the measurements are carried out carefully, using kerosene as a solvent with FAAS does not seem to have any safety or instrumental problems with air-acetylene flame.
Recovery tests were used to reveal matrix effects in the measurements. Recovery tests were made by adding a Conostan S 21 standard into the oil sample. Additions were made to four different oils, which were measured at different times. The amounts of standard additions varied depending on the oils, which were spiked. The relative portions of oil and Conostan S 21 standard in the recovery tests were approximately either 60% oil/40% standard or 80% oil/20% standard. The results of the recovery tests are presented in Table 5 .
When determinations were carried out by ICP-OES, recoveries between 95.2% and 104.5% were obtained, depending on the metal under study (see Table 5 ). The viscosity of each oil affects the recoveries slightly. Low viscous rolling oils are more easily nebulized into plasma than calibration standards; hence, the recoveries in these oils were usually between 100 and 110%. On the other hand, recovery tests in viscous gear oils often produced recoveries less than 100%. Variability between times of measurement was random. In all, the recoveries were sufficient for quantitative work. With FAAS, recovery was usually satisfactory, but deviations in the results were larger than with ICP-OES. A good example of this was chromium, where the deviation of the recoveries was 25.7%, depending on the time of measurement and the oil which was spiked. This can be explained by reduced absorption of chromium in the presence of iron and nickel and by other difficulties in determination of chromium with FAAS. 23 Use of a nitrous oxide/acetylene flame instead of the air/acetylene flame could have eliminated the possible interference, 23 but introducing kerosene into nitrous oxide/acetylene flame causes a possible safety risk. On the other hand, copper was recovered with FAAS as effectively as with ICP-OES. Two possible reasons for the large deviations in recovery tests with FAAS can be proposed. Particles in oil cause more atomization difficulties in flame than in plasma due to the lower thermal energy of the flame. On the other hand, some recovery samples had to be diluted more than the corresponding real samples in the FAAS analysis of some metals. Additional dilutions could increase the total uncertainty of the measurement. However, the recoveries determined by FAAS varied randomly, and FAAS with kerosene dilution seems to be satisfactory for quantitative work with the most metals studied. At least, FAAS analyses were sufficient for semi-quantitative check-ups of certain indicator metals, which are often needed by the maintenance personnel.
From the maintenance point of view, the results determined by the two methods under study are suitable to be used in predictive maintenance, because the most important feature of the wear metal analysis method, i.e. to indicate the wear situation reliably, is met with both methods. The large differences in metal concentrations depend on different uses of oils; for instance, large concentrations of iron and chromium are possible and acceptable in steel cold rolling oils, whereas significantly smaller concentrations of iron and/or copper in gear oil can be a sign of a gear failure. suitable. However, when several metals have to be determined from various samples, ICP-OES is far more efficient.
Conclusions
